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A  model  that  predicts  radiation  transfer  through  single  and double  layers  of plastic  covering  over  kohlrabi
canopies  is  developed,  parameterised  and  tested.  This  model  will  be the  foundation  of  an  energy  balance
and  growth  module  for  covered  kohlrabi  crops  that  can be used  in  cover  management.  Radiation  trans-
fer  through  covers  is based  on  their  laboratory-measured  angular-resolved  transmittances,  which  are
upscaled  to  non-plane  covers  in the ﬁeld.  The  upscaling  procedure  accounts  for distributed  facet  slopes
according  to  the  Beckmann  distribution  and  visibility,  as  well  as interception  preference  according  to
the  cosine  of  the  facet-ray  incidence  angle.  Additional  measured  and  upscaled  quantities  include  absorp-
tance and the  degree  of  haze  at several  angles.  The  effects  of  plastic  ageing  and  wetting  are  measured  and
implemented  into  the  model  using  simple  empirical  approaches.  Radiation  transfer  through  the  canopy
is described  by a thoroughly  tested  1D  canopy  model,  which  accounts  effectively  for  multiple  reﬂections
between  leaves  and  the  soil.  A reanalysis  of combined  gap  fraction  and  leaf  area  data  from  a previous  study
revealed  a tendency  of  kohlrabi  canopies  to overdisperse  at early  growth  stages,  when  only  minor  leaf
area  overlapping  occurs.  Using hourly  measurements  of photosynthetic  active  radiation  ﬂux densities  at
the soil  level  over two  growth  seasons  at one  site,  the  overall  model  performed  reasonably  well  for  a non-
2 −2woven  fabric-based  cover  (n = 1067,  R =  0.96,  RMSE  =  6.62  W  m ) and  a combination  of  a  low-density
polyethylene  perforated  plastic  on top  of  a non-woven  fabric  (n  = 1112,  R2 = 0.97,  RMSE = 5.11  W  m−2).
Simulations  showed  rather  low  degree  of model  sensitivity  to the  speciﬁcation  of cover roughness,  but  a
high  level  of sensitivity  to  a proper  parameterisation  of  angular  optical  properties  of covers  and  of  canopy
radiation  transfer  in the  NIR spectral  range.
© 2014  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
In spring, plastic covers enable ﬁeld-grown vegetables to be har-
ested earlier by protecting them from late frosts and increasing
he temperature under the cover markedly compared to uncov-
red crops. In Germany, one of the most important crops for this
roduction system is kohlrabi (Brassica oleracea var. gongylodes).
on-woven fabric (NWF) and perforated ﬁlm (PF) on top of NWF
NWF + PF) are mainly used. However, there is a serious risk of
rop quality losses if the air temperature under the cover is exces-
ively high. One reaction of kohlrabi plants to excess heat is to form
pright tubers (instead of the more popular ﬂat oval tubers). To
void these risks, growers must decide when it is the right time
o remove the cover, weighing up the risk of quality losses against
he opportunity of yielding earlier harvests. There is a currently
∗ Corresponding author. Tel.: +49 033701 78363; fax: +49 033701 55391.
E-mail address: graefe@igzev.de (J. Graefe).
ttp://dx.doi.org/10.1016/j.agrformet.2014.10.011
168-1923/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/3.0/).
established temperature sum criterion based on a cumulated daily
maximum temperature sum above the cover after planting. How-
ever, this empirical model is not precise enough for contemporary
requirements in production safety.
Our long-term objective is therefore to develop a physically and
physiologically based model of crop microclimates under plastic
covers that interacts with plant growth and quality. In this study,
we develop a radiation transfer model for PAR (photosynthetic
active radiation, 400–700 nm)  and NIR (near-infrared radiation,
701–3000 nm), which will be an essential part of the envisioned
overall system model.
Previous studies on plastic covered plant–soil systems either
assumed there was  no interaction between the vegetation and
shortwave radiation ﬂuxes (Albright et al., 1989) or they do not
consider the plant compartment (De Luca and Ruocco, 2000; Graefe,
2005; Ham and Kluitenberg, 1994; Wu  et al., 1996). Other studies
placed greater emphasis on the light transmission of greenhouse
structures (Critten, 1983; Pieters and Deltour, 1999; Wang and
Boulard, 2000).
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Notation
I0 direct part of incident shortwave radiation above
the cover (W m−2)
Ibc () direct radiation intensity at the canopy top below
the cover (W m−2)
Id0 diffuse part of incident shortwave radiation above
the cover (W m−2)
Id′bc diffuse sky radiation transmitted by the cover (W
−2)
Id
′′
bc downward diffuse contribution from converting
direct radiation while transmitting the cover
(W m−2)
Id
′′′
bc downward diffuse radiation generated by one inter-
action of the direct radiation ﬂux with canopy, soil
and cover (W m−2)
Is incident radiation at the soil surface (W m−2)
NIR near-infrared radiation
NWF  non-woven fabric
PAR photosynthetic active radiation
PF perforated ﬁlm
RMSE root mean squared error
rs global radiation threshold sum for the drying cover
(kWh)
X parameter of the ellipsoidal leaf angle distribution
Greek symbols
˛cv() cover absorptance for direct radiation
˛dcv cover absorptance for diffuse radiation
 ˇ surface slope (radiant)
ı collimated light source zenith angle (radiant)
() cover haze function at incidence angle 
 relative azimut between surface normal and light
ray (radiant)
() directional–hemispherical reﬂectance at incidence
angle 
d hemispherical-hemispherical reﬂectance
s(s) soil albedo at soil water content s
() directional–hemispherical transmittance at inci-
dence angle 
d hemispherical–hemispherical transmittance
DIR(ı) directional–directional transmittance at incidence
angle ı
  sun or view zenith angle (radiant)
s volumetric soil water content (m3 m−3)
˝() leaf clumping index at zenith angle 
˝57 leaf clumping index at 57◦
˝0 leaf clumping index at nadir direction
Subscripts
bc below cover
cv cover
cy canopy
l leaf
0 above cover
s soil
Superscripts
c
o
e
Biosciences Inc., Lincoln, NE, USA). PCA-based gap fraction mea-d diffuse
′ previously deﬁned quantityModelling radiation transfer in horizontal homogeneous plant
anopies is well established, and is generally solved by using the
ne-dimensional radiation transport equation (Ross, 1981). How-
ver, for routine applications that provide net radiation ﬂuxesrest Meteorology 201 (2015) 196–208 197
in soil–vegetation–atmosphere models, for example, approxima-
tions to the full theory of multiple scattering of radiation are
often applied (Goudriaan, 1977; Pinty et al., 2006; Verhoef, 1984).
The objective of this study is to develop a combined model that
describes the radiation transfer of plastic covered plant canopies.
The model will be parameterised from comprehensive measure-
ments of optical and structural properties of various covers used,
soils and kohlrabi canopies.
2. Materials and methods
2.1. Site and experiment
Field trials were carried out at the site of Leibniz-Institute
for Vegetable and Ornamental Crops in Großbeeren, Germany
(52◦21′ N, 13◦19′ E) from 2011 to 2012. The site is characterised by
silty sand with 5.5% clay (Rühlmann and Ruppel, 2005). In spring
(March to June), kohlrabi (cv ‘Lech’) was  grown in beds, with each
bed comprising ﬁve rows with thirty plants each. A regular planting
grid of 0.3 m × 0.3 m (distance between rows × within the row) was
adopted, resulting in a planting density of about 111,000 plants/ha.
There were two  cover treatments: NWF  and NWF  + PF. NWF, con-
sisting of polypropylene ﬁbres, weighs 19 g/m2; PF is 40 m thick
polyethylene plastic with 500 holes/m2 (hole diameter is 1 cm).
Covers were placed directly over the plants without any suppor-
ting structure. The plants were fertilised and irrigated in line with
current practice; they did not constitute limiting factors for plant
growth.
2.2. Field measurements
All measurements were taken at hourly or ten-minute inter-
vals, and were aggregated to hourly means. Incident PAR at the soil
surface, Is, was recorded using one (2012) or two (2011) LI-191
line quantum sensors (LI-COR Biosciences Inc., Lincoln, NE, USA)
per treatment placed diagonally towards the rows of kohlrabi in
NWF  and NWF  + PF plots. All quantum ﬂux outputs were converted
to W m−2 using a factor of 0.235 (Campbell and Norman, 1998).
Incident PAR at the top of the canopy was  also measured with a LI-
191 line quantum sensor in order to improve angular and spectral
consistency.
Global radiation data was obtained from a weather station
located 200 m from the experimental site (CM11, Kipp & Zonen
B.V., Delft, NL). The ﬁeld soil moisture was  measured using verti-
cally inserted TDR sensors (CS625, Campbell Scientiﬁc Inc., Logan,
UT, USA) at a 0–30 cm soil depth. The leaf area index (LAI) was
determined directly in 2011 using an LI-3100 area metre (LI-COR
Biosciences Inc., Lincoln, NE, USA) and indirectly in 2012 using an
image-based gap fraction method (Sandmann et al., 2013). Addi-
tional LAI data was  obtained using a plant canopy analyser (PCA) in
2011 (LI-2200, LI-COR Biosciences Inc., Lincoln, NE, USA). Weekly
measured LAI were spline interpolated to hourly values using a
continuously calculated thermal time since planting from the air
temperature under the cover.
Furthermore, independent concurrent measurements of gap
fraction (PCA, digital photography at nadir and 57◦ view angle)
and LAI in uncovered kohlrabi crops (details given by Sandmann
et al., 2013) were reanalysed. The leaf angle distribution parameter
X from the ellipsoidal distribution (Campbell, 1986) was  esti-
mated using the software programme FV2200 (version 2.0, LI-CORsurements from three different protocols (72 B readings altogether)
were then linear averaged and analysed together with gap fraction
estimates from segmented digital photographs for clumping index
at different viewing zenith angles (0◦, 7◦, 22◦, 38◦, 53◦, 57◦).
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.3. Laboratory measurements
Measurements of the optical properties of cover materials and
lant leaves were performed using a dual beam UV/VIS/NIR pho-
ometer (V-670, Jasco, J) equipped with a large integrating sphere
ILN-725, internal diameter: 15 cm). The properties measured were
he directional (5◦)-hemispherical reﬂectance and transmittance
rom 220 to 2200 nm at a resolution of 1 nm.  Preliminary analy-
is revealed that a scan of 20 and 2 different patches was required
or NWF  and PF, respectively, to account for spatial inhomogeneity.
nly eight repetitions were performed in order to compare dry and
et cover materials; exactly the same spot was chosen to measure
he reﬂectance and transmittance of NWF  and NWF  + PF. NWF  + PF
overs were wetted (sprayed) from the NWF  side only. The sprayed
ater was completely absorbed by NWF  with no obvious droplets
resent. The optical properties of the plastics used were assessed
n 2012 after 78 days of ﬁeld application.
Leaf sampling was repeated ﬁve times, whereby each repe-
ition originated from another plant from the same treatment.
eﬂectance and transmittance spectra of leaves obtained from the
daxial leaf side were carried out weekly during the ﬁeld trial in
roßbeeren in 2012.
Directional–directional light transmittance of covers (DIR(ı))
as assessed at incidence angles (ı) 0◦, 30◦, 45◦, 60◦ and 75◦
sing a variable angle transmission accessory (VTA-752 ﬁlm holder,
asco, J) with the light polarisation angle set at 45◦. Additional
easurements of directional–hemispherical transmittance ((ı))
ere taken using a smaller integrating sphere (internal diameter:
.62 cm)  with a red laser (peak wave length 655 nm)  at incidence
ngles 0◦, 30◦, 45◦, 60◦ and 75◦ and a UV/VIS/NIR diode array spec-
rometer (EPP 2000, StellarNet, USA). Possible substitution errors
ere estimated, and the corrections obtained were applied accord-
ngly. The angular responses of DIR(ı) and (ı) obtained were
tted with empirical functions for subsequent use; both were con-
trained to yield zero transmittance at ı = 90◦. Using an analogue
etup, directional–hemispherical reﬂectance was measured with a
aser incidence of 45◦.
Soil reﬂectance was measured using a ﬁbre-connected integrat-
ng sphere (HISN-729, 250–2000 nm,  Jasco, J) for six soil samples.
op soil (0–5 cm)  cores with a volume of 250 cm3 were sampled
on-destructively and saturated for 24 h in a water bath. Subse-
uent changes in water content and reﬂectivity induced by passive
vaporation were monitored gravimetrically and spectroscopically.
Mean values for all spectral-resolved reﬂectance and transmis-
ion data over the wavelength () bands of PAR and NIR were
alculated using Planck’s function of blackbody (assuming 5800 K
o be the surface temperature of the sun) spectral emissive power.
.4. Statistical and mathematical tools
Several response functions (DIR(ı), (ı)) were ﬁtted and veriﬁed
sing the MODEL procedure in SAS (Version 9.2, SAS Institute Inc.,
ary, NC, USA). Robust nonlinear regression was performed using
he MATLAB (Version 14, The Mathworks Inc., Natick, MA,  USA)
linﬁt function. The whole radiation transfer model was coded as
ATLAB function. The original source code of the canopy radiation
ransfer routine JRC2S (Pinty et al., 2006) was interfaced as mex
unction to the overall MATLAB model. Parameter estimation of the
verall model was performed using the genetic algorithm (ga) func-
ion from the Global Optimisation Toolbox using default options,
ith the exception of the number of generations (30). This ensuredast and global solutions when used in conjunction with the
arallel Computing toolbox. Possible outliers within PAR measure-
ents were removed by the criteria |residual| >4MAD, where MAD
enotes the median absolute deviation of residuals between modelrest Meteorology 201 (2015) 196–208
simulations and measurements. Around 10% of the measurements
were marked as outliers and disregarded in the further analysis.
3. Model derivation and parameterisation
3.1. Overview
Fig. 1 gives an overview of all radiation-cover–canopy–soil
interactions accounted for by the model. Incident shortwave radi-
ation is composed of different ﬂuxes that interact differently with
cover materials, leaves and soil. Due to this non-homogeneity, inci-
dent shortwave radiation is usually segmented into portions that
are treated separately (Goudriaan, 1977):
(1) Wavelength bands: PAR (400–700 nm) versus NIR
(701–3000 nm)
(2) Angular distribution: single-angular (direct) radiation versus
multi-angular (diffuse) radiation
The following equations only take into account the distinction
between direct and diffuse radiation ﬂuxes, as all equations used
should be valid for both PAR and NIR wavelength ranges, likewise.
Our model is based on established equations that describe diffuse
and direct radiation transfer in scattering plant canopies over a
reﬂecting soil. This well-proven theory can still be used under cov-
ers if direct and diffuse radiation ﬂuxes are separated and account
is taken of multiple reﬂections between the cover and the plant
canopy.
3.2. Derivation of main ﬂuxes
Incident radiation at soil surface Is, which has accordingly trans-
mitted the cover material and the canopy, can be calculated using
Is = Ibc()cy() + Idbcdcy, (1)
where Ibc() and Idbc are incident direct and diffuse radiant ﬂux den-
sities at the canopy top below the cover and  is the sun zenith angle.
The subscripts used are: cy = canopy, l = leaf, s = soil, bc = below
cover, 0 = above cover and cv = cover. Superscript d indicates a dif-
fuse light property. The canopy transmittance of direct radiation
cy() accounts for multiple scattering between leaves and soil,
respectively. dcy is the canopy transmittance for diffuse radiation,
which accounts for multiple reﬂections within the canopy, between
the canopy and soil, and between the canopy and the lower side of
the plastic cover. Ibc() is determined from
Ibc() = I0()cv()(1 − cv()), (2)
where I0() is the direct part of incident global radiation above the
cover and cv() the fraction of direct radiation transformed to dif-
fuse radiation during cover transmission, denoted further as the
haze function. Idbc is described as the sum of three different down-
ward diffuse radiation ﬂuxes
Idbc = Id′bc + Id
′′
bc + Id
′′′
bc , (3)
which are deﬁned by
Id′bc = Id0dcv, Id
′′
bc = I0()cv()cv(), Id
′′′
bc = Ibc()cy()dcv, (4)
where Id′bc is the transmitted diffuse sky radiation, I
d′′
bc is the dif-
fuse contribution from converting direct to diffuse radiation while
transmitting the cover, and Id
′′′
bc is generated by the interaction of thedirect radiation ﬂux Ibc with the canopy–soil-cover system. Id0 is the
diffuse part of incident global radiation, while partitioning into dif-
fuse Id0 and direct I0() components is calculated using a procedure
suggested by Spitters et al. (1986) with an added circumsolar part
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Table 1
Measured directional–hemispherical reﬂectance and transmittance of kohlrabi
leaves in the PAR and NIR spectral range (data obtained in 2012).
Cover treatment Leaf reﬂectance Leaf transmittance
PAR NIR PAR NIR
Without cover 0.090 0.430 0.024 0.340ig. 1. Radiation-cover–canopy–soil interactions taken into account by the model.
ight.
ccording to Hay (1979). dcv and 
d
cv are the diffuse transmittance
nd reﬂectance values of the cover, respectively.
Due to multiple scattering between the canopy and the lower
over side, however, the diffuse radiation transmission coefﬁ-
ient dcy is somewhat higher. Considering n interactions between
pstream canopy ﬂuxes and the lower side of the cover, this
nhancement can be determined by inspecting the limit n→ ∞
d
cy = d′cy + lim
n→∞
d′cy
n∑
i=1
(d′cy
d
cv)
i
, (5)
hich yields
d
cy = d′cy +
d′cyd′cydcv
1 − d′cydcv
. (6)
In line with diffuse transmission, the effect of multiple scattering
etween the canopy and the cover is captured by a geometrical
eries
d
cy = d′cy + lim
n→∞
d′cy
n∑
i=1
(d′cy
d
cv)
i
. (7)
Solving Eq. (7) yields
d
cy = d′cy +
dcv(
d′
cy)
2
1 − dcvd′cy
. (8)The canopy transmission and reﬂection coefﬁcients for direct
nd diffuse radiation (cy(), d′cy, cy(), d′cy) are calculated using
he JRC2S 1D canopy radiation transfer code (Pinty et al., 2006),
hich was extensively validated during a recent radiation modelNWF  0.091 0.430 0.033 0.363
NWF  + PF 0.097 0.431 0.039 0.381
intercomparison study (Widlowski et al., 2011). The JRC2S model
requires the speciﬁcation of leaf transmittance and reﬂectance val-
ues (l,l), the soil albedo s and a leaf area clumping index for
direct (˝()) and diffuse radiation (˝(60◦)).
The observed variability in measured leaf reﬂectance and trans-
mittance values (see Table 1) was  only related to the cover
treatment. No further trends (e.g. over time) were observed.
Soil reﬂectance s versus soil water content s measurements
were ﬁtted to the following mixture of logistic functions
s(s) = s11 + exp(s2(s − s3))
+ s4
1 + exp(s5(s − s6))
,  (9)
where s1 to s6 are soil-speciﬁc parameters, listed in Table 2.
The ﬁtted dependence of s on s is illustrated in Fig. 2. All
parameters are signiﬁcantly different from zero (t-test,  ˛ = 0.05)
with an R2adj of 0.9458 (PAR) and 0.9383 (NIR).
Internally, JRC2S parameterises leaf area clumping as˝() = a + b(1 − cos()), (10)
where parameters a and b are empirical parameters. The JRC2S
model call was adapted to enable the use of a variable G-function
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Fig. 2. Soil reﬂection coefﬁcient in the PAR wave band (A) and the NIR wave band (B
Table 2
Soil surface reﬂection model parameters.
Parameter Spectral range
PAR NIR
s1 0.06638 0.17065
s2 79.36623 55.31782
s3 0.10630 0.10871
s 0.10211 0.17015
v
d
G
l
c

c
e

w
r
X
u
a
a
i4
s5 11.14054 12.04091
s6 0.52066 0.50000
alue (G(, X)), which was calculated from the ellipsoidal leaf angle
istribution (Campbell, 1986) with distribution parameter X:
(, X) = (X
2 + tan 2)0.5 cos()
X + 1.774(X + 1.182)−0.733
. (11)
Furthermore, JRC2S approximates the transmission of diffuse
ight for spherical leaf angle distribution (i . e . G(, 1) = 0.5) and a
onstant clumping index (˝(60◦)) according to:
d
Black ≈ 2
/2∫
0
exp
(
− 0.5
cos()
˝(60◦)LAI
)
sin() cos() d. (12)
This approximation is valid for random leaves with an angular
lumping index given in Eq. (10). To allow for the more general
llipsoidal leaf angle distribution, the following equality must hold:
/2∫
0
exp
(
− 0.5
cos()
˝effLAI
)
sin() cos() d
=
/2∫
0
exp
(
−G(, X)
cos()
˝()LAI
)
sin() cos() d, (13)
hich is solved for ˝eff and fed into JRC2S to calculate diffuse
adiation transfer for non-spherical leaf angle distributions, i.e.
 /= 1. Note that the right-hand side of Eq. (13) is a commonly
sed equation for calculating diffuse radiation transfer (Campbell
nd Norman, 1998). Since the diffuse radiance distribution under
 plastic cover is largely unknown, a uniform radiance distribution
s adopted in this case.Volumetric water conten t  [-]
) versus soil volumetric water content (lines = model, circles = measurements).
Previously estimated gap fraction and leaf areas for uncovered
kohlrabi crops (Sandmann et al., 2013) were reanalysed. The reanal-
ysis involved using measured leaf areas and gap fractions obtained
from digital photographs and PCA measurements at different view-
ing zenith angles 0◦ . . . 57◦. The following parameterisation of
canopy structure was ﬁnally obtained:
X = 1.96 LAI0.235
˝57 = 0.834
˝0 = ˝57 + 4.32 LAI0.807 exp(−4.32 LAI)
.  (14)
The ﬁtted functions for the clustering factor are shown in Fig. 3.
The leaf area clumping index at nadir viewing zenith angle depends
nonlinearly on LAI and displays a degree of overdispersion at
low LAI; no systematic change in leaf area was detected at 57◦.
Parameters a and b in Eq. (10) were then obtained by a = ˝0 and
b = (˝57 − a)/(1 − cos(57◦)). Note that gap fraction data from all
viewing zenith angles lower than 57◦ was  included in the param-
eter estimation using a robust regression approach (iterated least
squares with Huber weights). Several alternative functions to Eq.
(10) were tested, but failed to improve the ﬁt to the derived clump-
ing index.
During kohlrabi growth there is a plant size-induced shaping
of the cover surface, which leads to a varying surface roughness
during growth (Fig. 4).
This variation is empirically described by a scaled Fréchet dis-
tribution
˛b(LAI) =
c1
c2
(
LAI
c2
)−1−c1
exp
(
−
(
LAI
c2
)−c1)
× D−1max
(
˛b, max − ˛b, min
)
+ ˛b, min, (15)
where ˛b is a roughness parameter to be described below, c1, c2,
˛b,max and ˛b,min are free parameters and Dmax is the maximum
density.
3.3. Optical properties of covers
Providing a comprehensive description of optical properties of
plastic covers under ﬁeld conditions is a challenging task, from
both a theoretical and an experimental perspective. Cover trans-
mittance and reﬂectance change according to the current state of
surface wetness and light incidence, and therefore also with cover
roughness.
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Fig. 3. Fitted (line) and estimated (symbols) clumping index at nadir (a) and 57◦ (b) view
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(Fig. 4. Shape of the cover surface during kohlrabi growth at stages A to C.
Estimated directional–hemispherical transmittance and
eﬂectance values for new and used dry plastic covers are summ-
rised in Table 3. The differences between dry and wet covers are
hown in Table 4.
able 3
easured directional–hemispherical reﬂectance and transmittance of covers for
n incidence angle  = 5◦ in the PAR and NIR waveband before and after ﬁeld use.
WF  = non-woven fabric, PF = perforated ﬁlm, usage duration = 78d.
Material State Reﬂectance Transmittance
PAR NIR PAR NIR
NWF
New
0.127 0.129 0.872 0.871
NWF  + PF 0.209 0.198 0.789 0.780
NWF
Used
0.150 0.161 0.777 0.814
NWF  + PF 0.263 0.241 0.681 0.749
able 4
ifferences in optical properties of cover materials under dry and wet  conditions
differences are calculated as wet minus dry).
Material Reﬂectance difference Transmittance difference
PAR NIR PAR NIR
NWF  −0.0015 −0.0150 0.0027 −0.0431
NWF  + PF −0.0298 −0.0505 0.0350 −0.0179 zenith angles versus LAI. The clumping indexes shown are estimated from model
 linear averaged gap fractions.
In general, reﬂection increases and transmission decreases dur-
ing the ageing process of the cover materials. Since cover samples
were only analysed at the beginning and end of the experiment
(2012, duration = 78d), the adopted linear ageing process was
parameterised with a variable effective duration de
ω(t) = ωO +
ωN − ωO
min(78, de)
min(t, de), (16)
where ω(t), ωN and ωO denote the current, new and old state of an
optical property.
However, laboratory measurements of optical properties need
to be properly scaled to ﬁeld conditions to account for effects
such as a distributed sun incidence angle over a non-ﬂat cover
surface. The overall approach followed here is based on mea-
sured angular transmittances and absorptances of plane plastics
at selected incidence angles in the laboratory. Angular reﬂection
is then subsequently obtained from the radiation balance. These
angular resolved properties are then averaged over the local inci-
dence angle distribution of a rough cover surface, which comprises
small surface patches or facets.
The density function D(ˇ) of small-surface facet slopes (ˇ) is
described by the Beckmann distribution (Walter et al., 2007) with
roughness parameter ˛b. This distribution is further extended to
account for the visibility of facets V and the projected area of the
facet, which is proportional to the cosine of the incidence angle
(cos(ı)) of light
D(, ˇ, ) = exp(− tan (ˇ)
2/˛2b)
cos (ˇ)4
V(, ˇ, ) cos(ı). (17)
The cosine angle of incidence (ı) between a light ray and a facet
with slope  ˇ and azimuth offset  is calculated from (Goudriaan,
1988)
cos(ı) = cos() cos(ˇ) + sin() sin(ˇ) cos(). (18)The visibility function V(, ˇ, ) is one for positive cos(ı) and zero
otherwise, indicating a ray incidence from the facet underside. If
the measured directional–hemispherical absorptance function of
covers (˛(ı)) is now used, the mean cover absorptance for direct
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Fig. 5. Measured PAR transmittance versus light incidence angle of pl
adiation at sun incidence angle  with facets distributed according
o the Beckmann distribution is
cv() = N−1c
/2∫
0
∫
0
D(, ˇ, )˛(ı)dˇd. (19)
The normalisation constant Nc is derived from the integration
f Eq. (17)
c =
/2∫
0
∫
0
D(, ˇ, )dˇd. (20)
Assuming a standard overcast sky radiation distribution (Moon
nd Spencer, 1942), the diffuse cover absorptance is given by
Papadakis et al., 2000):
d
cv = 6/7
/2∫
0
˛cv() sin() cos()(1 + 2 cos())d. (21)
A similar approach could be taken for transmission, but addi-
ional losses could occur. As already mentioned, light is partly
iffused during cover passage. For sloped cover facets, a fraction of
his diffusely transmitted light is directed towards the upper hemi-
phere and lost, with the exception of some backward reﬂected
ontributions. Assuming a Lambertian distribution of diffused light,e angle  δ, rad
astics: (a) NWF  dry, (b) NWF  + PF dry, (c) NWF  wet, (d) NWF  + PF wet.
the effective directional–hemispherical transmittance is approxi-
mated as:
e() = ()(1 − ()0.5 sin (ˇ)2˛dcvdcv). (22)
with haze function (). The calculations required to obtain cy()
and dcv are then identical to the absorptance case (Eqs. (19)–(21)),
but use effective directional–hemispherical transmittance e().
Note that Eq. (22) approximates local absorption and transmission
with bulk cover quantities and must be solved by iteration of Eqs.
(19)–(22).
The directional and diffuse reﬂectance of the bulk cover is simply
obtained from the radiation balance
cv() = 1 − ˛cv() − cv()
dcv = 1 − ˛dcv − dcv
. (23)
Finally, the haze function () was estimated from the
ﬁtted angular responses of directional–hemispherical trans-
mittance (ı) and directional–directional transmittanceDIR(ı):
() = 1 − DIR(ı)/(ı). However, in analogy to transmission, some
diffusely transmitted light is lost to the upper hemisphere for
sloped facets, leading to a reduction in the diffuse light fraction.
The effective haze function can be stated as
 () = ()(1 − 0.5 sin (ˇ)2˛d d ), (24)e cv cv
which is subsequently scaled to a cover property (cv()) with
roughness parameter ˛b according to Eq. (19). All numerical solu-
tions to Eqs. (19)–(24) were obtained by the MATLAB quad function
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Fig. 6. Measured haze function (ı) for plane plastics: (a) NW
Table 5
Measured PAR absorptance values at 0◦ (PAR) and 45◦ (red) light incidence, respec-
tively, for plane plastics.
Material State Absorptance dry Absorptance wet
0◦ 45◦ 0◦ 45◦
NWF
New
0.001 0.046 0.005 0.053
NWF  + PF 0.002 0.052 0.010 0.060
NWF 0.073 0.085 0.072 0.070
a
t
a
t
m
p
s
d
(
4
4
(
angle than plane plastics (Fig. 5); surfaces with a different rough-UsedNWF  + PF 0.056 0.112 0.061 0.093
nd tabulated for discrete ˛b values (0.1,0.2 . . . 1). During simula-
ion, upscaled optical cover properties at intermediate ˛b values
re obtained by the linear interpolation of tabulated values.
The state of wetness of the lower surfaces of plastics is likely
o change during the day. However, the state of wetness was not
onitored or physically modelled. It was therefore assumed that
lastics are wet until a distinct sum of incident global radiation
ince sun rise has been received, after which they are considered
ry. This necessary radiation sum is regarded as a free parameter
one for each cover) that needs to be ﬁtted.
. Results
.1. Angular-resolved optical properties of plane coversMeasured angular transmittance and absorptance functions
(ı) and ˛(ı)) are presented in Fig. 5 and Table 5.F  dry, (b) NWF  + PF dry, (c) NWF  wet, (d) NWF  + PF wet.
Since transmission measurements with the larger integrating
sphere are more reliable and cover the whole PAR range, red trans-
mission values are scaled accordingly with effective PAR values
(Table 3). The angular response of transmission is quite similar for
the different plastics in different states (dry versus wet, old versus
new). Absorptances at 0◦ and 45◦ are given in Table 5. As expected,
absorptances increase with age and incidence angle. An angular
response function is obtained from a spline interpolation with a
zero absorption constraint at 90◦, which results in a nearly symmet-
ric response at around 45◦. A reanalysis of angular absorptance data
for polyethylene (Nijskens et al., 1985) conﬁrmed this approach.
Incident direct light is shown to diffuse to a lesser extent in
dry plastics and for near normal incidence angles (Fig. 6). Almost
all direct light is diffused as more oblique incidence angles are
approached. As expected, the single layer cover (NWF) shows a
slightly lower tendency to diffuse.
4.2. Transmittance of rough covers
Practical experience and preliminary model ﬁts revealed that
covers are usually in a wet state. Fig. 7 shows transmission func-
tions calculated for rough plastics for anticipated typical values of
the Beckmann distribution (˛b). Transmittance of direct light for
rough plastics exhibits a shallower response to the sun incidenceness behave very similarly at about 66◦. With a further increase in
the sun incidence angle, light transmission is enhanced for rougher
surfaces.
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F culate
N
r
c
sig. 7. Calculated PAR transmittance versus sun incidence angle of wet plastics cal
WF  old, (d) NWF  + PF old.Calculated diffuse transmittance decreases linearly with cover
oughness (Fig. 8), but the effect is smaller compared to changes
aused by ageing if medium roughness values (˛b ∼ 0.5) are con-
idered.
Fig. 8. Calculated diffuse PAR transmittance versus cover roud for different values of surface roughness ˛b: (a) NWF  new, (b) NWF  + PF new, (c)4.3. Parameter estimation and model performance
Parameters related to the temporal change of cover rough-
ness (˛b,min, ˛b,max, c1, c2, Eq. (15)), the effective duration of the
ghness parameter ˛b: (a) wet NWF, (b) wet NWF  + PF.
J. Graefe, M. Sandmann / Agricultural and Forest Meteorology 201 (2015) 196–208 205
Table  6
Estimated parameter values for each cover treatment.
Cover ˛b,max ˛b,min c1 c2 c3 c4 de (d) sr (kWh)
NWF  0.99 0.104 2.12 1.70 1.62 0.0872 45.2 1.61
NWF  + PF 0.99 0.105 1.38 1.21 2.89 0.0682 42.3 1.79
F
r
l
g
t
(
p
0
r
s
m
s
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f
Table 7
Comparison of the root mean squared error (RMSE) and the mean difference (BIAS)
between simulated and measured PAR ﬂux densities at the soil surface for models
with reduced complexity.
Cover Full model Model A Model B Model C
RMSE BIAS RMSE BIAS RMSE BIAS RMSE BIAS
NWF  6.62 4.28 6.77 2.76 10.97 8.77 6.87 2.84
NWF  + PF 5.10 1.96 5.53 2.81 10.13 8.59 6.65 4.79
Table 8
Comparison of the root mean squared error (RMSE) and the mean difference (BIAS)
between simulated NIR ﬂux densities at the soil surface using simpliﬁed models and
the  full model.
Cover Model A Model B Model C
RMSE BIAS RMSE BIAS RMSE BIAS
NWF  1.66 0.71 9.92 7.76 6.06 3.85
NWF  + PF 2.06 1.08 10.37 8.46 7.60 5.28ig. 9. Fitted normalised Fréchet distribution to describe the change in relative cover
oughness for NWF  and NWF  + PF covers as a function of the leaf area index.
inear ageing process (de, Eq. (16)), the required sum of incident
lobal radiation for drying (sr) and the parameters of the X func-
ion (X = c3LAIc4 , Eq. (14)) were optimised for each cover treatment
Table 6).
The estimates obtained for ˛b,min and ˛b,max approached the
rovided bound constraints to the ga search algorithm (˛b,min:
.1 . . .0.3, ˛b,max: 0.31 . . . 1). The ﬁtted relative change in cover
oughness with leaf area (c1, c2, Fig. 9) development increased
trongly with leaf area and diminished again after peaking at
edium LAI.
The estimated X–LAI relations (c3, c4, Fig. 10) have a similar
hape as the independently derived function for uncovered crops,
ig. 10. Fitted X versus LAI relations for NWF  and NWF  + PF covers and the deduced
unction for uncovered crops from independent gap fraction measurements.although crops covered with a double layer tend to have more
horizontally inclined leaf angle distributions.
The estimated effective duration of cover ageing (de) is signiﬁ-
cantly lower than the time span of actual observation (78d), which
indicates that more frequent measurements would be necessary to
characterise this process fully. On average, NWF  covers had become
dry somewhat earlier in the day than NWF  + PF covers, as indicated
by the ﬁtted sr parameter. The corresponding mean and standard
deviations of decimal daytime hours (UTC + 1) for this event are
11.7 ± 1.57 and 12.1 ± 1.72 for NWF  and NWF  + PF, respectively.
There is a good overall correspondence between simulated and
measured radiant ﬂux densities at the soil surface (Fig. 11), as
indicated by small root mean squared errors (RMSE) of 6.62 and
5.11 W m2 for NWF  and NWF  + PF covers, respectively.
The performance of the full model was  compared to simpliﬁed
model versions: (1) Model A: Constant cover roughness (˛b = 0.1);
(2) Model B: Setting all optical properties to laboratory values
obtained at near normal ray incidence; (3) Model C: Using a sim-
ple non-scattering canopy with spherical leaf angle distribution
and single angle approximation for diffuse radiation ( = 45◦). The
performance of the model was poorest when angular and there-
fore also diffuse optical properties of the plastics were neglected
(Table 7). Simpliﬁed assumptions regarding canopy light transfer
(Model C) and cover roughness effects (Model B) exhibit far less
model performance degradation.
Since no measurements of ﬂux densities at the soil level were
available in the NIR spectral range, simpliﬁed model versions were
compared to full model simulations (Table 8) with adopted optical
properties to the NIR range. In order to make a fair comparison,
the black leaf canopy Model C was adapted to include a common
multiple scattering approximation to the extinction coefﬁcient:
K = 0.5/cos()(1 − l − l)0.5 (Goudriaan, 1977). Neglecting angular
optical responses also had a strong degrading performance effect
in the NIR spectral range. In addition, however, canopy ﬂuxes need
to be modelled with greater care than in the PAR spectral range
(Table 8). Similarly, the neglecting effects of cover roughness only
have a minor impact on the performance of the model.
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aig. 11. Simulated versus measured radiant ﬂux densities at the soil surface for NWF
MSE  = 6.62 ; NWF  + PF: n = 1112, R2 = 0.97, RMSE = 5.11.
. Discussion
.1. Measured optical properties
The soil reﬂectance characteristics we measured (Fig. 2) are
enerally comparable to the results of Lobell and Asner (2002),
lthough they used only 1 mm thick soil samples as opposed to
he 5 cm thick samples used here. Lobell and Asner (2002) and
uller and Décamps (2001) used exponential functions for their
oil reﬂectance models. Due to the observation of the initial increase
n s and the constant s after the colour of the soil surface changed
which was not observed by Lobell and Asner (2002) and Muller
nd Décamps (2001) because of their different experimental setup),
e applied a mixture of logistic functions, as explained by Meyer
1994), for a variety of scenarios.
Al-Mahdouri et al. (2013) observed a zero complex index of
efraction for a low-density polyethylene plastic over the short
ave length range, meaning that new plastics only permit weak
adiation absorption (Table 5). However, at an incidence angle
f 45◦ we measured a ﬁnite absorptance of approximately 4–5%,
ven for new plastics. In scattering plastic materials, absorbance is
nhanced by an increased effective path length and classical Fresnel
heory needs to be modiﬁed (Rosenfeld et al., 2001). Moreover, near
ormal and 45◦ incidence absorptance measurements derived from
orresponding transmittance and reﬂectance measurements are
oisy because they are derived from two measurements. A centre-
ounted sample setup within an integrating sphere (ASTM, 1992)
ould yield the angular absorptance of plastics or covers more pre-
isely. Clearly, the adopted spline interpolation of three prescribed
bsorptances (: 0◦, 45◦, 90◦) is a rough assumption, but data from
ijskens et al. (1985) support this approximation. However, it is
referable to derive angular-resolved directional–hemispherical
eﬂectance from the radiation energy balance (Eq. (23)) because
t is very difﬁcult to measure this quantity.
Visually, cover ageing is related to the presence of dirt and
lgal growth, leading to increased absorptance and reﬂectance, and
ower transmittances (Table 3). Even under laboratory conditions,
owever, artiﬁcial weathering of different plastic materials over
80 h increased the scattering coefﬁcient signiﬁcantly (Wallner
nd Lang, 2005). Using parameter optimisation, we  estimated thatWF  + PF covered kohlrabi crops. The line is a 1:1 response. NWF: n = 1067, R2 = 0.96,
ageing mainly occurred in the ﬁrst 40–50 days of ﬁeld cover use
in our experiment (parameter de, Table 6). However, ageing effects
are signiﬁcant and should be taken into account more frequently
in similar future experiments.
To our knowledge, no angular-resolved measurements of haze
(Yu and Hsaio, 2009) for different plastics have been published
yet. Here we  proposed the relation: (ı) = 1 − DIR(ı)/(ı) to obtain
an angular haze function from separate directional–directional
and directional–hemispherical transmittance measurements. The
observed trends of increasing haze with ray incidence angle and
wetness are consistent with results obtained by Cabrera et al.
(2009), Pieters et al. (2003) and Pollet et al. (2005).
Wetting covers usually degrades the transmittance of plastics if
dropwise condensation is present (Pollet and Pieters, 2002). In this
case, however, transmittances actually increased for the NWF  + PF
cover (Table 4). It was observed, however, that wetted underside
NWF  was virtually glued to the PF, meaning that interface water
acted like an anti-reﬂective agent and prevents the occurrence of
drops.
It proved effective to use the sum incident global radiation as
a driver for different durations of cover underside wetness. Since
crops usually dry in the morning, the estimate obtained in this case
of around noon is reasonable, as turbulent exchange of canopy is
largely restricted by covering. In a future model extension, radiation
transfer will be solved simultaneously with the energy balance of
the cover–canopy–soil system to obtain the wetness state of the
cover dynamically, which should slightly improve the predictions.
5.2. Upscaling optical properties from plane to rough covers
There is a long tradition in computer graphics to derive more
realistic bidirectional reﬂectance and transmittance distributions
of materials from a prescription of the micro facet distribu-
tion of the material surface and the per facet application of
the Fresnel equations (Cook and Torrance, 1982). Here we focus
on a larger spatial scale of cover slope variation and use mea-
sured directional–hemispherical transmittances and absorptances
of bulk samples rather than Fresnel computations.
In fact, there are no independent measurements or previous
studies available to verify the proposed upscaling procedure from
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lane to rough plastic surfaces (Eqs. (17)–(24)). Although the esti-
ated relative change in cover roughness with leaf area (Fig. 9)
upports the initial hypotheses of plant size-induced seasonal
oughness change, no sensible estimates of minimum and maxi-
um  roughness values were obtained (Table 6). After all, as we
ather expected ˛b,min and ˛b,max estimates to differ greatly from
he prescribed box constraints (0.1; 1) following the analysis of
d hoc generated surfaces with a similar appearance to covered
anopies. Overall, the simulations were not very sensitive to the
nclusion of cover roughness in the PAR (Table 7) or the NIR (Table 8)
pectral range.
In order to describe the light microclimate under plas-
ic covers appropriately, however, it is important to measure
irectional–hemispherical transmittance at various angles and to
alculate diffuse transmittance weighted by a reasonable chosen
iffuse sky radiance distribution (Eq. (21), Tables 7 and 8).
.3. Parameterisation of kohlrabi canopy architecture
The measured and estimated relations of the X parameter from
he ellipsoidal leaf angle distribution with leaf area (Fig. 10) growth
re plausible because young kohlrabi plants tend to have more
ertically inclined leaves and because the double cover exerts a
igniﬁcant mechanical load on the top leaf layer, promoting more
orizontal leaf inclinations. Although clumping index estimates
t viewing angles of 57◦ are more reliable, as the G-function is
lmost invariant to leaf angle distributions (Myneni et al., 1989),
e believe that the trend obtained at nadir direction is also rea-
onable (Fig. 3). We  argue that crops grown on a regular planting
attern (0.3 × 0.3 m)  with a minor degree of leaf overlapping are
ikely to tend to regular leaf dispersion at the nadir viewing direc-
ion at early stages of development. Baret et al. (1993) observed a
aximum clumping factor of about 1.3 for sugar beet at 15◦ view-
ng zenith angle, which declined with increasing zenith angle, as
bserved here. Furthermore, Andrieu and Sinoquet (1993) analysed
egularly spaced artiﬁcial canopies and found a clumping factor of
.26 at nadir viewing direction, which diminished towards unity
t zenith angles >30◦. Since most canopy structure-related studies
dopt the terminology of a clumping index (Demarez et al., 2008;
onsamo and Pellikka, 2009), they always implicitly presume a leaf
rea dispersion coefﬁcient (Nilson, 1971) smaller than unity, which
sually results from local varying leaf area densities between sam-
les as detected using the logarithm method ﬁrst introduced by
ang and Yueqin (1986). The intrinsic processes apart from leaf area
ensity clustering leading to overdispersion of leaf area towards
adir viewing zenith angles require further research. This reﬁne-
ent could improve the precision of plant growth and water use
imulation models, especially at low latitudes and in early growth
tages prior to signiﬁcant leaf overlapping.
. Conclusions
Provided that the leaf area, the optical properties of plastics,
eaves and soil, and incident shortwave radiation ﬂux density are
nown, the radiation transfer model developed here is suitable for
redicting the radiation micro climate for kohlrabi canopies below
 plastic cover in the ﬁeld in both the PAR and NIR spectral range.
Model simulations are most sensitive to a sound speciﬁcation
f the angular optical properties of the covers applied. In addition,
ound modelling of the multiple scattering between the soil, leaves
nd plastic is of similar importance in the NIR spectral range. Com-
rehensive upscaling from plane to rough plastics can be derived
sing the microfacet theory, but only small improvements in pre-
iction accuracy can be achieved if the surface roughness of covers
n the ﬁeld is considered in greater detail.rest Meteorology 201 (2015) 196–208 207
During early growth stages with non-signiﬁcant leaf over-
lapping, we further detected an overdispersion of leaf area,
attributable to the regular planting grid used. The presented model
will be the basis for a more complex energy balance model of the
whole production system characterised by kohlrabi crops under
single NWF  and double NWF  + PF plastics.
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